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(57) ABSTRACT

A graph exploration module 1s described which displays
graph data (or any data set) using any one of an extensible
collection of chart types. Some of the chart types may present

aggregated results associated with the graph data. One chart
type provides bars which represent aggregations of nodes in
the graph data and a collection of links which represent rela-
tionships among the bars. The graph exploration module may
present the chart in the context of an interactive exploration
panel within an exploration canvas. A user can make various
selections which prompt the graph exploration module to
generate a new exploration panel, together with a link which
connects to the new panel to the previous panel. This process
can be repeated any number of times to produce one or more
exploration paths which reveal a history of exploration
actions made by the user(s). That history can be saved and
later retrieved.

Pages.* 20 Claims, 19 Drawing Sheets
—_—
""--..____f___..—— _-_‘-'.J——-_.__‘ ™
fr ]
GRAPH DATA 104
e I e
GRAPH EXPLORATION MODULE Ir“"“"“'"‘*I
102 | EXTENSIBLE |
_________________________ ! CHARTING :
r 7 MODULES
I CHART (GEMERATICON LoGIc | ' I
| 116 i{_..: -~ |
D L LTI ! CH1 |
S " , : CH?2 }
I HisToRY MANAGEMENT LOGIC (5 I [{R} CH3 I
I | [
| 120 | o |
INPUT QuUTPUT
MECHANISM(S) MECHAMISM(S)
106 108

______

|
|
|
1 EXPLORATICN
|
|

CANVAS

112

_________________

- e— e e e e e e e e — e — — — — — .



US 8,743,122 B2
Page 2

(56) References Cited

OTHER PUBLICATTONS

Elmqvist, et al., “ZAME: Interactive Large-Scale Graph Visualiza-
tion,” retrieved at <<http://citeseerx.ist.psu.edu/viewdoc/download-

?7do1=10.1.1.134.9193&rep=rep 1 &type=pdi>>, IEEE Pacific Visu-
alization Symposium, Mar. 2008, 8 pages.

Elmqvist, et al., “Hierarchical Aggregation for Information Visual-
1zation: Overview, Techniques and Design Guidelines,” retrieved at
<<http://www.purdue.edu/discoverypark/vaccine/publications/pdf/
Hierarchical%20Aggregation %20for%20Information.pdf>>, IEEE
Transactions on Visualization and Computer Graphics, vol. 16,No. 3,
May 2010, 14 pages.

Jusufi, et al., “The Network Lens: Interactive Exploration of
Multivariate Networks Using Visual Filtering,” retrieved at <<http://
w3 .mslL.vxu.se/~kerren/pubs/kerren-1v10.pdf>>, 14th International
Conference Information Visualisation, 2010, pp. 35-42.

Abello, et al., “ASK-GraphView: A Large Scale Graph Visualization
System,” retrieved at <<http://citeseerx.ist.psu.edu/viewdoc/
download?do1=10.1.1.141.342&rep=rep 1 &type=pdi>>, IEEE
Transactions on Visualization and Computer Graphics, vol. 12, No. 5,

Sep./Oct. 2006, 8 pages.
Adar, Eytan, “GUESS: A Language and Interface for Graph Explo-

ration,” retrieved at  <<http://citeseerx.ist.psu.edu/viewdoc/
download?do1=10.1.1.98.5332&rep=repl&type=pdf>>,  Confer-
ence on Human Factors in Computing Systems, Apr. 2006, 10 pages.
Batagelj, et al., “Pajek—Program for Large Network Analysis,”
retrieved at <<http://www.educa.fmf.uni-lj.si/datana/pub/networks/
doc/pajek.pdf>>, 1997-1999, 11 pages.

Bezerianos, et al., “GraphDice: a System for Exploring Multivariate
Social Networks,” retrieved at <<http://www.aviz.ir/graphdice/
graphdice.pdf>>, Eurographics, vol. 29, No. 3, 2010, 10 pages.
Blaas, et al., “Smooth Graphs for Visual Exploration of Higher-order
State Transitions,” retrieved at <<http://www.wigls.net/resources/
VisWeek2009/infovis/papers/blaas.pdf>>, IEEE Transactions on
Visualization and Computer Graphics, vol. 15, No. 6, Nov./Dec.
2009, pp. 969-976.

Fekete, Jean-Daniel, “The InfoVis Toolkit”, retrieved at <<http://
citeseerx.1st.psu.edu/viewdoc/download? doi=10.1.1.1.1537
&rep=repl&type=pdi>>, Proceedings of the IEEE Symposium on
Information Visualization, 2004,15 pages.

Fekete, et al., “Overlaying Graph Links on Treemaps,” retrieved at
<<http://hcil.cs.umd.edu/trs/2003-32/2003-32 pdi>>, IEEE Infovis
poster, 2003, 2 pages.

Freire, et al., “ManyNets: an Interface for Multiple Network Analysis
and Visualization,” retrieved at <<http://citeseerx.ist.psu.edu/
viewdoc/download?doi1=10.1.1.148.3732&rep=repl &type=pdi>>,
Conference on Human Factors in Computing Systems, Apr. 2010, 10
pages.

Heer, et al., “Prefuse: A Toolkit for Interactive Information Visual-
1zation,” retrieved at <<http:/citeseerx.ist.psu.edu/ viewdoc/
download?do1=10.1.1.80.3032&rep=repl&type=pdf>>,  Confer-
ence on Human Factors in Computing Systems, Apr. 2005, 10 pages.
Heer, et al., “Graphical Histories for Visualization: Supporting
Analysis, Communication, and Evaluation,” retrieved at <<http://
kneecap.cs.berkeley.edu/papers/graphical histories/2008-
GraphicalHistories-InfoVis.pdi>>, IEEE Transactions on Visualiza-
titon and Computer Graphics, vol. 14, No. 6, Nov. 2008, 8 pages.
Henry, et al., “MatrixExplorer: a Dual-representation System to
Explore Social Networks,” retrieved at <<http://citeseerx.ist.psu.
edu/viewdoc/download?do1=10.1.1.104.1055&rep=rep1
&type=pdi>>, IEEE Transactions on Visualization and Computer
Graphics, vol. 12, No. 5, Sep./Oct. 2006, 8 pages.

Henry, etal., “NodeTnx: a Hybrid Visualization of Social Networks,”
retrieved at  <<http://citeseerx.ist.psu.eduw/viewdoc/download-

?7do1=10.1.1.81.4929&rep=repl &type=pdf>>, IEEE Transactions
on Visualization and Computer Graphics, vol. 13, No. 6, Nov. 2007,
8 pages.

Hurter, et al., “FromDaDy: Spreading Aircraft Trajectories Across
Views to Support Iterative Queries,” retrieved at <<http://www.
wigis.net/resources/VisWeek2009/infovis/papers/hurter.pdt>>,

IEEE Transactions on Visualization and Computer Graphics, vol. 15,
No. 6, Nov./Dec. 2009, pp. 1017-1024.

Kang, et al., “NetLens: Iterative Exploration of Content-actor Net-
work Data,” retrieved at <<http://delos.zoo.ox.ac.uk/pub/2008/
citationnetworkdev/NetworkVisualizationPapers/
Bederson%20NetLens.pdf>>, Information Visualization, vol. 6, No.

1, Mar. 2007, pp. 18-31.
Lee, et al., “Understanding Research Trends in Conferences Using
Paper Lens,” retrieved at <<http://citeseerx.ist.psu.edu/viewdoc/

download?do1=10.1.1.77.4648&rep=repl &type=pdf>>,  Confer-
ence on Human Factors in Computing Systems, Apr. 2005, 10 pages.
Lee, et al., “FacetlLens: Exposing Trends and Relationships to Sup-
port Sensemaking within Faceted Datasets,” retrieved at <<http://
citeseerx.ist.psu.edu/viewdoc/download?do1=10.1.1.150.352
&rep=repl&type=pdi>>, Conference on Human Factors In
Computing Systems, Apr. 2009, 10 pages.

Perer, et al., “Balancing Systematic and Flexible Exploration of
Social Networks,” retrieved at <<http://citeseerx.ist.psu.edu/

viewdoc/download?do1=10.1.1.129.7998&rep=repl &type=pdi>>,
IEEE Transactions on Visualization and Computer Graphics, vol. 12,
No. 3, Sep./Oct. 2006, pp. 693-700.

Plaisant, et al., “Promoting Insight-based Evaluation of Visualiza-
tions: From Contest to Benchmark Repository,” retrieved at <<http://
citeseerx.ist.psu.edu/viewdoc/download?do1=10.1.1.66.1118
&rep=repl&type=pdi>>, IEEE Transactions on Visualization and
Computer Graphics, 2007, 18 pages.

Robertson, et al., “Data Mountain: Using Spatial Memory for Docu-
ment Management,” retrieved at <<http://citeseerx.ist.psu.edu/
viewdoc/download?do1=10.1.1.33.283&rep=rep 1 &type=pdi>>,
Eleventh Annual Symposium on User Interface Software and Tech-
nology, Nov. 1998, pp. 153-162.

Roth, et al., “Visage: a User Interface Environment for Exploring

Information,” retrieved at <<http://www-2.cs.cmu.edu/Groups/sage/
PDF/Visage.pdif>>, Proc. Information Visualization, IEEE, 1996, 8

pages.
Saralya, et al., “An Evaluation of Microarray Visualization Tools for
Biological Insight,” retrieved at <<http://citeseerx.ist.psu.edu/
viewdoc/download?do1=10.1.1.132.9310&rep=repl &type=pdi>>,
IEEE Symposium on Information Visualization, Oct. 2004, 8 pages.
Shneiderman, et al., “Network Visualization by Semantic Sub-
strates,” retrieved at <<http://citeseerx.ist.psu.edu/viewdoc/
download?do1=10.1.1.80.2917 &rep=repl &type=pdi>>, IEEE
Transactions on Visualization and Computer Graphics, vol. 12, No. 5,
Sep./Oct. 2006, 8 pages.

Shrinivasan, Yedendra Babu, “Supporting the Sensemaking Process
in  Visual Analytics,” retrieved at <<http://www.win.tue.nl/
~yedendra/dissertation.pdf>>, PhD thesis, Technische Universiteit
Eindhoven, Jun. 2010, 160 pages.

Shrinivasan, et al., “Supporting the Analytical Reasoning Process in
Information Visualization,” retrieved at <<http://www.win.tue.nl/
~yedendra/imgs/chil 145-Yedendra-shrinivasan.pdf>>, Conference
on Human Factors in Computing Systems, Apr. 2008, 10 pages.
Wattenberg, Martin, “Visual Exploration of Multivariate Graphs,”
retrieved  at  <<http://citeseerxist.psu.eduw/ viewdoc/download-
?7do1=10.1.1.93.9993 &rep=repl &type=pdf>>, Conference on
Human Factors in Computing Systems, Apr. 2006, 9 pages.

Zhao, et al., “Elastic Hierarchies: Combining Treemaps and Node-
link Diagrams,” retrieved at <<http://citeseerx.ist.psu.edu/viewdoc/
download?do1=10.1.1.61.5752&rep=repl &type=pdf>>, Proceed-

ings of the IEEE Symposium on Information Visualization, 2005, 8
pages.

* cited by examiner



U.S. Patent

Jun. 3, 2014 Sheet 1 of 19 US 8,743,122 B2
GRAPH DATA 104
GRAPH EXPLORATION MODULE (T T T T T T T T T T )
102 | EXTENSIBLE
- | CHARTING
"""""""""""""" | | MODULES
CHART GENfTQTION LOGIC | , 118
——- CH?1
-------------------------- CHZ2
HISTORY MANAGEM CH3
120
/
INPUT OUTPUT
MECHANISM(S) MECHANISM(S)
106 108
AT TTT M0 ~"~~"~"~"~"""~"""7"77777 B

EXPLORATION
CANVAS
112

T TS TS T T T TS TS e e



U.S. Patent Jun. 3, 2014 Sheet 2 of 19 US 8,743,122 B2
L OCAL
COMPUTING GRAPH EXPLORATION
«—> FUNCTIONALITY MODUL E ——
202 102 <>
(GRAPH
DATA
-
FIG. 2 104
L OCAL REMOTE
COMPUTING COMPUTING
FUNCTIONALITY COMMUNICATION FUNCTIONALITY
302 CONDUIT(S) 304
S - 306 P <
| | I I
: GRAPH : : GRAPH :
| EXPLORATION | | EXPLORATION |
. Mopbute® | | . MODULE” |
| 102A e ——~—— -~ _ - 102B |
| — N — — — — 1\ZLD |
l_ _______ _: : | : :\_Jf'ql_ _______ J
, GRAPH | : | GRAPH !
I HJ'M DATA | ! DaTA |
\ v J , T ,
104 A
104B

ANY LOCAL/REMOTE DISTRIBUTION OF GRAPH EXPLORATION

FUNCTIONALITY AND/OR GRAPH DATA

FIG. 3



U.S. Patent Jun. 3, 2014 Sheet 3 of 19 US 8,743,122 B2

FIRST SUBSET OF =TT T T~ ~
” .,
GRAPH DATA ( DIRECT NODE \
402 _7~o_ ATTRIBUTES _.’
I ———————— - f——-———j T T T e~ oy

" 7T !’” INDIRECT NODE ™,
: >@% : T=-7\__ ATIRBUTES _.’

Y
e T
h--—_-—-'—l

THIRD SUBSET OF
GRAPH DATA
408

| |
| |
PIvoT : .
SECOND SUBSET OF : . >O< : :
GRAPH DATA : :
404 i (K :
- - - - — — - - - = = L | |
EDGES OF | : .
. TYPEY e >O< o
: >O< EDGES OF '
TypEX l SOK 3 :
>O% 105 I
: : .
| . :
PivoT : ) :

____————————J

Ly




U.S. Patent

Jun. 3, 2014

i1 Papers

—

506

Unique Visible Papers: 4073
Duplicate Visible Papers: 5514
Papers in Chart: 4073

Papers in Graph: 4073

Paper Groups: 19/19

Group Nodes By: } 520
Size Nodes By: } 522
Sort Nodes By: } 524

o] Joos
Size Edges By: } 528

5138

Edge Type:

5306

618 } 540
| 538 !
f%gg LJ *T‘
T 2o o~ S
3 8 3 AZ 3 73
I NGRS
= w R <

0 [
10 { [Fer] |

Sheet 4 0of 19

i

}.5

534

14
12

0

0

US 8,743,122 B2

502
rdl

SIMPLIFIED
SAMPLE OF
EDGE
INFORMATION

FIG. 5




U.S. Patent

Unique Visible Papgrs

Duplicate Visible

Papers in Chart: 4073

Papers in Graph:

Paper Groups: 19/19

Jun. 3, 2014 Sheet S of 19

Proceedings
D A\ _ _

US 8,743,122 B2

Unique Visible Authors: 6258
4073 Duplicate Visible Authors: 6258

Authors in Chart: 6358

Authors in Graph: 6358

S — Author Groups: 20/41 610
Size Nodes By: Group Nodes By: |
Sort Nodes By: Size Nodes By: Eﬁ;s;ton;alae
008 . two name
| EEEEEE— . Tast_name
Size Edges By: EdgeCnt w ~ Edge Type: R
W Size Edges By: affiliation
Institution
— — cstater i
618 [20] [+20 ][Au]
2995 .
%] ][
A
{ |:|{ ” / :
}H}]JDDDD } }
T 2SZTOZCSOPMACH 4C<S 5C
%53%%2'&@8%3&35;%3&22 ]HDDDDDDDDDD::.:
§5'3§ gaigcﬂzogo am CCCSOVQATINOS>RS0eH WY W
52 2T F Z38L5 50 & SNARSV20 IS I TES
- O S = > < 5P o003 P553<LodEp =N
=S o 'n"j'lj%% C™ & > SR a3 2503 2N ITTRp =
oo C 22355 ~ O & = 03522%% B Tp 33
— (e D - <l =¥ o~ — Q)
g3 ] > s 3
=% (@) — b
NOTE: EDGE = %’L
INFORMATION “
OMITTED FROM
DRAWING
502
FIG. 6 604



U.S. Patent

m Authors

Unique Visible Authors: 6258
Duplicate Visible Authors: 6258

Jun. 3, 2014

710

o1 [

]

Authors in Chart: 6358
Authors in Graph: 6358
Author Groups: 20/39

Group Nodes By:
Size Nodes By:
Sort Nodes By:
Edge Type:

Size Edges By:

A\

T
[Fomeon ]

| Size v |

702

Gy

H0oooooooaao

Z0O0<—~H0O<LZ2=>0
=SER5TR036263

004

Sheet 6 0of 19

(Paper. AND

State = GA

—xpand Paper to Author) AND

US 8,743,122 B2

h 4

Unique Visible Authors: 137
Duplicate Visible Authors: 137

A
A
A

uthors in Chart; 117
uthors in Graph: 4358

712

uthor Groups: 1/1
4 N\ N
Size Nodes By:
Sort Nodes By:
Edge Type:
Size Edges By: affliation: i
country
|E
137
706
?2
p e

704



US 8,743,122 B2

FIG

o)
O
LL
LLI
LI
P,

____ o Web Design Student . .
— o0 Southern Polytechnic .

0 Neural Signals Inc. . . .

0 Georgia State University .
O Emory U. Atlanta G. .

O Centers for Disease . . .
O Web Design Student . . .
O The Georgia Institute . . .
O Search Technology A. . . .

3 Georgia Technology . . .
[ Georgia Institute of . . .
1 Centers for Disease . . .
—1 Southern Polytechnic . . .

— Bell South Atlanta . . .

[ Georgia Tech. Atlanta . . .
1 Georgia Institute of . . .

[ 1 Georgia State University .
1 Savanna College of . . ..

Georgia Institute of . . .

Sheet 7 0f 19

Edge Cnt = |
0] [AT

BarChart
Detailed

Duplicate Visible Althe
Authors in Chart: 137

802

Jun. 3, 2014

hors || |

Group Nodes By: Affiliation

Size Nodes By:
Sort Nodes By:
Edge Type

Size Edges By:

89

Unique Visible Autho
Authors in Graph: 6358
Author Groups: 19/19

m Aut

U.S. Patent
G

704



U.S. Patent Jun. 3, 2014 Sheet 8 of 19 US 8,743,122 B2

%Authors | Tag Cloud M E

o~ [ -
[Author__ ~_ Authors |T29Cloud v | [X
Author v +
Unique Visible Authors: 137 9124 | ——— ‘!‘
Duplicate Visible Authors: 137 .Pfﬂtf.]f&::::::::::::
- . uthors
Authors n Chart: 137 Unique Visible Authp Proceedings
Authors in Graph: 6358 Duplicate Visible Aut _

Author Groups: 19/19 Authors in Chart: 103

Authors in Graph: 6358

Group Nodes By: Affiliation W Author Groups: 5/5

Size Nodes By: Node Cnt w Group Nodes By: I Affiliation v ||
Sort Nodes By: “ J08 Size Nodes By: || Node Cnt w ||

Edge Type:

Sort Nodes By:

o
Edge Type: 910

B

Size Edges By: Edge Cnt w

Size Edges By:  \

Georgia Institute of Techt -
Savanna College of Art & Design

> |

Georgia Institute of Tech
eorgia Institute of Technology, Atlanta, GA

Georgia Tech, Atlanta GA

Georgia Institute of Technology

T Georgia Institute of Technology

Georgia State University -

Georgia Institute of Technology, Atlanta, GA

Georgia Tech, Atlanta GA = == == = o= ==
Bell South Atlanta

Southern Polytechnic State University

Centers for Disease Control and Prevention d ,’ ‘Z
Georgia Institute of Technology=e == = /

Georgia Technology Authority ’ 906
Search Technology, Inc. - l R

The Georgia Institute of Technology

Web Design Student

Emory, U., Atlanta, GA
Georgia State University, Atlanta, GA

Neural Signals, Inc., Atlanta, GA Y

southern Polytechnic University, USA 902
Web Design, Chatsworth, GA

FIG. 9 704

904



U.S. Patent Jun. 3, 2014 Sheet 9 of 19 US 8,743,122 B2

Bar Chart w

[Paper__~
Unique Visible Papers: 114
Duplicate Visible Papers: 136

Papers in Chart: 134 Bnici_ue Viﬂ?'iﬂpager& 9'21 o
Papers in Graph: 4073 PUP icate 'rS]' t_a11a4pers_
Paper Groups: 18/18 apers in Chart:

Papers in Graph: 4073
e Paper Groups: 20/228

Group Nodes By: | | Topic v
article_|D 1 Avther 12t |
1004 Size Nodes By: T Group Nodes By:

age from - .
Sort Nodes By: page_to Size Nodes By: | Node Cnt w

10084 [doi_number

cited_by_ number
subtitle Edge Type: | Cites |
topic

author_person_ID Size Edges By: | Edge Cnt |
author_short_ nhame

author two name
author full name

W Edge Type:

Size Edges By:

N
o

E
S
i
N
S
>

-
—
-

1
l “H 1006 _
> PPOOMESLESdcCC s HHH{ HH HUD
8'%%}'—309- EE‘;UO :ﬁ@_% (ﬁ%g o r_mr_r_r__ar_m:IG)I'l'lt_Dzl ;CDUJ—N_D
38 Eé%mom gg,_.. EO OcOVOWOLCOHD p ==0 ODcCc O C
St §78°%g 23y 2t S§85330338823 259257
22 n 3 57 oS3 © > L 2UETESS 838 29555
3 e, = O Q) D O (H N :'mu::
o - ", Po55528ST 5= 5300
| < 588 B3N8 g8 3 53
NOTE: EDGE O Q¢ e =
~ —+ 35 O
INFORMATION NOTE: EDGE =
OMITTED FROM INEFORMATION
DRAWING OMITTED FROM
1002 DRAWING B

FIG. 10 (SEE FIG. 12) 1002



U.S. Patent Jun. 3, 2014 Sheet 10 of 19 US 8,743,122 B2

[BarChert |

Matrix

j Papers

Unique Visible Paper: Detailed ‘ | - | |!|
Duplicate Visible Pqp

Papers in Chart: 114 Jnique Visible Papers: 92

Papers in Graph: 4073 Duplicate Visible Papers:124

Paper Groups: 20/228 Papers in Chart: 114

Papers in Graph: 4073

- 20
Group Nodes By: Author last Paper Groups: 20/228

I

Size Nodes By:

1104 iort Nodes By: || Size Nodes By: Node Cnt
Edge Type: || Sort Nodes By: | atoz
@ | Size Edges By: || Edge Type: | Cites

Size Edges By: | Edge Cnt

E
-
i
N
-
E |

John Andrews Susan Braddock
Jason Chang Jan Clinton
John Davenport

/ Cynthia Davos | Julio Estevez

Sam Hampton

oy
-

() s | [__lotnDavenport
_ 1108
George Lambert /
Terry Ingo
[ ) Elizabeth Mason
I
Coec S oog
S e5olcle @ N80 o 2Po'Y
-0 O :5103q_1m§ S5 .0 .
550 G T NN Sue Slmpson
S 00555 unz © 268 2557
0L — — — — = —.
m§© SONS g§ - 23 Sue Zhang
~ —~ —_.— = )
Q
NOTE: EDGE =
INFORMATION
OMITTED FROM
DRAWING

FIG. 11 1

1102



U.S. Patent Jun. 3, 2014 Sheet 11 of 19 US 8,743,122 B2

..~
Papers " =
| Paper v |

Unique Visible Papers: 92
Duplicate Visible Papers:124

Papers in Chart: 114 Unique Visible Paokrl Petailed -
Papers in Graph: 4073 4 D

Duplicate Visible Pap
Paper Groups: 20/228 P et 30

Papers in Graph: 4073

Group Nodes By: | Paper Groups: 13/13

Size Nodes By: | Node Cnt  w | Group Nodes By:

Sort Nodes By: : 1204 Size Nodes By:

Q)
Size Edges By: Edge Cnt v | 6

i 210

4

Topic

Node Cnt

atoz

Edge Type: Cites

Size Edges By:

<

Edge Cnt

d
oS|I

N spowiniy |
SINIM |

Jodusaeq uyop
uo)

uosep yjeqez|3

JHaque ablosn)
uosdwoy| elpues

IN 8|qibue] |

SMalpuy uyor —
yooppelg uesng | |
bueyn uoser | !
uojuln) uep 1
SOABR(] BIYJUADY C———1
ZaAs)sg olinf
weH weg \
obu| Als] | | \
90IN ||l|g ——
uosyoer Woj | |
SJBAIY uyopr C————
uosduwig enQ
SIINA WO
bueyz eng
|
|
|
MOSO [ Je
sinoju ]
seoiAe Indu; C——1
spodey ge 1 1]
|
| ‘\ .
= VAN I g
Qe [——1 o

NOTE: EDGE

wisiydiowoauy |
suonedlddy |

®

INFORMATION
OMITTED FROM NOTE: EDGE @
DRAWING INFORMATION

1002 OMITTED FROM

FlG 1 2 DRAWING 1202



U.S. Patent Jun. 3, 2014 Sheet 12 of 19 US 8,743,122 B2

[Gorchar_~

Tag Cloud
Matrix

Unigue Visible F’aprz ------------------
Duplicate Visible PAr
Papers in Chart: 30

Papers in Chart: 30 Papers in Graph: 4073

Papers in Graph: 4073 Paper Groups: 13/13

Unique Visible Papers: 30
Duplicate Visible Papers:34

Paper Groups: 13/13 Tonic < |
==h
Size Nodes By: |

Size Nodes By: Node Cnt
Sort Nodes By: |

Group Nodes By:
Group Nodes By:

I

atoz |

I

Sort Nodes By: || 206 Edge Type: | — =
Edge Type: | Cites v | Sive Edges By _
Size Edges By: ——

g

g

-

s

3

O

@ |\
\

>

AR

ol |
|

Antromorphism

CSCW 7| InfoVis
input Deli [ Lo Reports

Multimode Ul
:

(
G2

1202 FIG. 13 e



U.S. Patent Jun. 3, 2014 Sheet 13 of 19 US 8,743,122 B2

Paper v |

: ezl
Papers t=———= L

Unique Visible Papers: 8
Duplicate Visible Papers: 8
Papers in Chart: 8

Papers in Graph: 4073

Paper Groups: 1/2

Size Nodes By: Node Cnt w

b
o
N
<4

Sort Nodes By:

102
Edge Type: Cites

<

Size Edges By: Edge Cnt w

Article ID | Title

ANY DOCUMENT
DETAIL

INFORMATION

oy

1402

&

FIG. 14 1304



U.S. Patent Jun. 3, 2014 Sheet 14 of 19 US 8,743,122 B2

|
\\ w — PIVOT f |
\ B — FILTER (EXTRACT) G2 \
YW  @—CLONE C_ Ho ».\
\
\ — — \
N EXPLORATION — \
N CANVAS — \
\
\ 112 = = \
A [ E \
TN e | — \
hhhhhhhh | \
~~ \
S N |
\ I
\ I
17 \ |
\\ /
\ /
TRASH S~ e
1502 Se—— -7

FIG. 15



U.S. Patent Jun. 3, 2014 Sheet 15 of 19 US 8,743,122 B2

F2
—
- E2
— —
0 —
B —
E ' .
—
—1
__HHH_UDH
G
G2 1604
H2
=
[
3 — FILTER (EXTRACT) —
@ — CLONE __

FIG. 16



U.S. Patent

Jun. 3, 2014 Sheet 16 of 19

RECEIVE GRAPH DATA
1702

PRESENT A FIRST EXPLORATION PANEL, WWHICH PRESENTS
GRAPH DATA IN A FIRST CHART, BASED ON A FIRST CHART
TYPE
1704

RECEIVE EXPLORATION SELECTION FROM THE USER

1706

PANEL-GENERATION
SELECTION

PRESENTATION
SELECTION

CHART TYPE
SELECTION

(GENERATE AND
PRESENT A NEW
EXPLORATION
PANEL (AND
NEW LINK):

(GENERATE
AND PRESENT A
NEW CHART
HAVING A NEW
CHART TYPE, IN
THE CONTEXT
OF AN EXISTING
EXPLORATION
PANEL
1710

MODIFY
ARRANGEMENT
OF GRAPH DATA

IN EXISTING
CHART TYPE
1708

¢ PIVOT
e FILTER
» CLONE

1712

US 8,743,122 B2

MOVEMENT

OPTIONALLY
MOVE THE NEW
EXPLORATION
PANEL TO A
LOCATION
SPECIFIED BY
THE USER, ETC.
1714




U.S. Patent Jun. 3, 2014 Sheet 17 of 19 US 8,743,122 B2

REPEAT ZERO, ONE,

OR MORE TIMES START

~
EXTRACT PART OF THE GRAPH DATA ASSOCIATED WITH A FIRST
EXPLORATION PANEL
1802
- y,

FORM A UNION OF THE PART EXTRACTED FROM THE FIRST
EXPLORATION PANEL (IN BLOCK 1802) WITH ANY PREVIOUSLY
EXTRACTED PART(S) (IF ANY), FOR PRESENTATION IN A SECOND
EXPLORATION PANEL

1804

-0 FIG. 18

< START ) — 1900

l

RECEIVE AN EXPLORATION SELECTION FROM THE USER IN WHICH A
USER IDENTIFIES A POINT IN AN EXPLORATION PATH
1902

/‘

HIGHLIGHT PORTIONS OF THE EXPLORATION PATH WHICH
CONTRIBUTE TO A STATE ASSOCIATED WITH THE IDENTIFIED POINT
1904

FIG. 19




U.S. Patent Jun. 3, 2014 Sheet 18 of 19 US 8,743,122 B2

— 2000

RECEIVE A NEW CHARTING MODULE WHICH
DEFINES A NEW CHART TYPE

2002

LOAD THE NEW CHARTING MODULE IN AN EXTENSIBLE
COLLECTION OF EXISTING CHARTING MODULES
2004

END

FIG. 20
~— 2100

AGGREGATE NODES IN THE GRAPH DATA ACCORDING TO AT
LEAST ONE GROUPING CRITERION, TO GENERATE NODE
(GROUPS
2102

AGGREGATE EDGES THAT CONNECT RESPECTIVE PAIRS OF
THE NODE GROUPS TOGETHER
2104

=NT NODE-AGGREGATION SIGNIFIERS (E.G., BARS)
WHICH REPRESENT THE NODE GROUPS

2106

ENT EDGE-AGGREGATION SIGNIFIERS (E.G., LINKS)
WHICH REPRESENT THE EDGES
2108

END

FIG. 21



U.S. Patent Jun. 3, 2014 Sheet 19 of 19 US 8,743,122 B2

PRESENTATION
MODULE
2200
2210 /‘
S o)
| GUI |
2218 |
l\.. _____ __/
A

COMMUNICATION

CONDUIT(S)
PROCESSING 2222
DEVICE(S)
2200
< ’

NETWORK
INTER-
FACE(S)
2220

MEDIA
DEVICE(S)

MECE.\':NLEM(S) COMPUTER-READABLE
2914 MEDIUM EXAMPLES
2210

FIG. 22



US 8,743,122 B2

1

INTERACTIVE VISUALIZATION FOR
EXPLORING MULTI-MODAL,

MULTI-RELATIONAL, AND MULTIVARIATE
GRAPH DATA

BACKGROUND

Many data sets can be represented in the form of a graph,
namely, as a collection of nodes connected together by edges.
In certain cases, the graph data 1s multi-modal, multi-rela-
tional, and/or multivariate. The graph data 1s multi-modal
when 1t includes multiple different types of nodes. The graph
data 1s multi-relational when the nodes can be connected
together using multiple different types of edges. And the
graph data 1s multivariate when each node (and/or each edge)
can be characterized by multiple attributes.

A user may wish to provide a visual rendition of the graph
data to gain a better understanding of general patterns, trends
and other features in the graph data. Traditionally, the user has
performed this task by representing the graph data as a col-
lection of points (representing the nodes) that are connected
together by lines (representing the edges). This approach may
be effective for small graphs, but 1t quickly becomes unduly
complex and confusing for larger data sets. Various tech-
niques have been proposed to manage the complexity of such
visual representations. Yet there 1s room for considerable
improvement in this field.

SUMMARY

According to one implementation, a graph exploration
module 1s described herein which generates and presents a
chart that represents graph data (also referred to as network
data) or any other data set. The chart has a type that1s selected
from among a plurality of available chart types. At least some
of the chart types present aggregated results associated with
the graph data, such as aggregated nodes and/or aggregated
edges.

According to another 1llustrative aspect, the graph explo-
ration module allows a user to freely switch between different
chart types to visualize the graph data in different respective
ways. In one case, the available chart types include any of: a
bar chart type; atag cloud type; amatrix type; a table type, and
so on. Moreover, the collection of chart types 1s extensible,
which accommodates the later introduction of new chart
types.

According to another 1llustrative aspect, the bar chart pro-
vided by the graph exploration module may correspond to a
hybrid-type bar chart. This type of bar chart may include a
plurality of bars which represents respective aggregations of
nodes 1n the graph data. Further, the bar chart may include a
plurality of links which connect together respective pairs of
bars, indicating relationships among those pairs of bars. More
specifically, each link may represent an underlying aggrega-
tion of edges. At least one visual attribute of the link (such as
the thickness of the link) may convey a size associated with
the corresponding aggregation of edges.

According to another illustrative aspect, the graph explo-
ration module may present the selected chart in the context of
a first interactive exploration panel. Further, the graph explo-
ration module can receive a panel-generation selection which
prompts the graph exploration module to generate a second
exploration panel.

According to another illustrative aspect, one type of panel-
generation selection 1s a pivot-type selection. The pivot-type
selection transitions from a first subgraph (for presentation 1n
the first exploration panel) to a second subgraph (for presen-
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tation in the second exploration panel). The first subgraph has
a first collection of nodes and the second subgraph has a

second collection of nodes. The first collection of nodes 1s
connected to the second collection of nodes along edges
having a specified edge type. The second collection of nodes
can have the same type or a different type compared to the first
collection of nodes.

According to another illustrative aspect, another type of
panel-generation selection 1s a filtering-type selection. Here,
the user pulls out part (or parts) of the aggregated results that
are presented in the first exploration panel. Upon the first
extraction, this operation produces the second exploration
panel. The second exploration panel includes a chart which
focuses on a umion of the extracted part(s) that have been
pulled out of the first exploration panel.

According to another illustrative aspect, another type of
panel-generation selection 1s a cloning-type selection. Here,
the user mvokes a command which produces the second
exploration panel as a duplicate copy of the first exploration
panel.

According to another 1llustrative aspect, the graph explo-
ration module produces a visual link which represents the
connection between the first exploration panel and the second
exploration panel. The link may have at least one visual
attribute which denotes a type of processing action that has
been performed to produce the second exploration panel, e.g.,
a pivot-type action, a filtering-type action, or a clomng-type
action.

According to another 1llustrative aspect, the graph explo-
ration module can present one or more exploration paths that
show a series of exploration actions taken by a user within an
exploration session. That 1s, an exploration path includes at
least two exploration panels, together with one or more links
that connect the exploration panels together. The graph explo-
ration module allows a user to 1dentity a point within the
exploration path. The point 1s associated with a state within
the exploration path. In response, the graph exploration mod-
ule selectively highlights those portions of the exploration
path which contribute to the identified state.

The above approach can be manifested 1n various types of
systems, components, methods, computer readable media,
data structures, articles of manufacture, and so on.

This Summary 1s provided to introduce a selection of con-
cepts 1n a simplified form; these concepts are further
described below 1n the Detailed Description. This Summary
1s not intended to 1dentily key features or essential features of
the claimed subject matter, nor 1s it intended to be used to

limit the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an 1llustrative graph exploration module for
providing a visual rendering of graph data or any other data
set.

FIGS. 2 and 3 show two respective implementations of the
graph exploration module of FIG. 1.

FIG. 4 shows one manner in which graph data can be
structured, and how this graph data can be leveraged to per-
form pivoting between related subgraphs.

FIG. 5 shows an exploration panel that can be produced by
the graph exploration module of FIG. 1. In particular, this
exploration panel represents the graph data using a hybrid-
type bar chart.

FIGS. 6-14 show a series of exploration panels that can be
produced 1n an 1llustrative exploration session.

FIG. 15 shows an overview of exploration paths produced
by the sequence of exploration panels 1n FIGS. 6-14.
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FIG. 16 shows one manner by which the graph exploration
module can selectively highlight portions of the exploration
paths shown in FIG. 15, based on the selection of a particular
point within the exploration paths.

FIG. 17 1s a flowchart that presents an overview of one
manner ol operation of the graph exploration module of FIG.
1.

FIG. 18 1s a flowchart that describes actions invoked by a
filtering-type selection.

FI1G. 19 1s a tlowchart that describes one manner by which
the graph exploration module can highlight portions of an
exploration path, ¢.g., 1n the manner shown in FIG. 16.

FI1G. 20 1s a tflowchart that describes one manner by which
a new charting module can be added to the graph exploration
module, where the new charting module provides function-
ality for producing a new chart type.

FIG. 21 1s a flowchart that describes one manner of pro-
ducing the hybrid-type bar chart shown in FIG. 5.

FI1G. 22 shows illustrative processing functionality that can
be used to implement any aspect of the features shown 1n the
foregoing drawings.

The same numbers are used throughout the disclosure and
figures to reference like components and features. Series 100
numbers refer to features originally found 1n FIG. 1, series
200 numbers refer to features originally found in FIG. 2,

series 300 numbers refer to features originally found 1n FIG.
3, and so on.

DETAILED DESCRIPTION

This disclosure 1s organized as follows. Section A
describes an illustrative graph exploration module for pre-
senting a visual rendition of graph data (or any other data set)
using a series of exploration panels. Section B describes
illustrative methods which explain the operation of the graph
exploration module of Section A. Section C describes 1llus-
trative processing functionality that can be used to implement
any aspect of the features described 1n Sections A and B.

As a preliminary matter, some of the figures describe con-
cepts 1n the context of one or more structural components,
variously referred to as functionality, modules, features, ele-
ments, etc. The various components shown 1n the figures can
be implemented 1n any manner by any physical and tangible
mechanisms (for instance, by software, hardware, firmware,
etc., and/or any combination thereof). In one case, the 1llus-
trated separation of various components 1n the figures nto
distinct units may retlect the use of corresponding distinct
physical and tangible components 1n an actual implementa-
tion. Alternatively, or in addition, any single component 1llus-
trated 1n the figures may be implemented by plural actual
physical components. Alternatively, or 1n addition, the depic-
tion ol any two or more separate components 1n the figures
may retlect different functions performed by a single actual
physical component. FIG. 22, to be discussed 1n turn, pro-
vides additional details regarding one 1illustrative physical
implementation of the functions shown 1n the figures.

Other figures describe the concepts 1n flowchart form. In
this form, certain operations are described as constituting
distinct blocks performed 1n a certain order. Such implemen-
tations are illustrative and non-limiting. Certain blocks
described herein can be grouped together and performed 1n a
single operation, certain blocks can be broken apart into plu-
ral component blocks, and certain blocks can be performed in
an order that differs from the order which 1s illustrated herein
(including a parallel manner of performing the blocks). The
blocks shown 1n the flowcharts can be implemented 1n any
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manner by any physical and tangible mechanisms (for
instance, by software, hardware, firmware, etc., and/or any
combination thereod).

As to terminology, the phrase “configured to” encom-
passes any way that any kind of physical and tangible func-
tionality can be constructed to perform an identified opera-
tion. The functionality can be configured to perform an
operation using, for instance, software, hardware, firmware,
etc., and/or any combination thereof.

The term “logic” encompasses any physical and tangible
functionality for performing a task. For instance, each opera-
tion 1llustrated 1n the flowcharts corresponds to a logic com-
ponent for performing that operation. An operation can be
performed using, for instance, software, hardware, firmware,
etc., and/or any combination thereof. When implemented by
a computing system, a logic component represents an elec-
trical component that 1s a physical part of the computing
system, however implemented.

The following explanation may identily one or more fea-
tures as “optional.” This type of statement 1s not to be inter-
preted as an exhaustive indication of features that may be
considered optional; that 1s, other features can be considered
as optional, although not expressly identified 1n the text.
Similarly, the explanation may indicate that one or more
features can be implemented in the plural (that 1s, by provid-
ing more than one of the features). This statement 1s not be
interpreted as an exhaustive indication of features that can be
duplicated. Finally, the terms “exemplary” or “illustrative™
refer to one implementation among potentially many imple-

mentations.

A. An Illustrative Graph Exploration Module

A.l. Overview

FIG. 1 shows a graph exploration module 102 for providing,
a visual representation of any data set. For example, a detailed
example will be presented herein in which the data set repre-
sents graph data (also referred to network data). Graph data
refers to data that can be represented as a graph, e.g., as a set
of entities (corresponding to nodes) connected together via
directed and/or undirected relationships (corresponding to
edges). As noted above, the graph data may be multi-modal,
multi-relational, and/or multivariate. The graph data 1s multi-
modal when 1t includes multiple different types of nodes. The
graph data 1s multi-relational when the nodes can be con-
nected together using multiple different types of edges. And
the graph data 1s multivariate when each node (and/or each
edge) can be characterized by multiple attributes.

For example, this section will present a detailed example 1n
which the graph data corresponds to a plurality of papers
published by a source, such as the Association for Computing
Machinery (ACM). The graph data in that scenario can be
formulated as a plurality of nodes of different types. For
example, the nodes may include a plurality of nodes associ-
ated with papers, a plurality of nodes associated with authors,
and a plurality of nodes corresponding to proceedings. The
graph data further includes a plurality of edges of different
types which connect the nodes together. For example, the
graph data may include a plurality of citation edges that
connect papers that cite to other papers. And each node can be
characterized by a plurality of attributes. For example, each
paper node has a title, paper publication year, topic, etc., and
cach author node has an author name, affiliation, country, etc.

Other types of information that can be represented as a
graph include mnformation regarding a social network, a col-
lection of web pages, a collection of code modules 1n a soft-
ware system, scientific data of any nature (e.g., biologic net-
works, protein-protein interactions, metabolic pathways,
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etc.), an organization of concepts in any reference source
(such as the Wikipedia reference source), and so on.

The graph exploration module 102 can obtain the graph
data from any source or combination of sources. FIG. 1
generically indicates that the graph exploration module 102
obtains the graph data from one or more data stores 104. As
will be described 1n connection with FIGS. 2 and 3 (below),
the data stores 104 may be local and/or remote with respect to
the location of the graph exploration module 102. Further-
more, the data stores 104 can be provided at a central location
or can be distributed in any manner.

The graph exploration module 102 recerves input from one
or more mput mechanisms 106, such as a keyboard, a mouse
input device, a touch-sensitive screen or touch pad device,
and so on, or any combination thereof. The graph exploration
module 102 provides an output using one or more output
mechanisms 108, such as a computer monitor of any type, a
television screen, a screen of a handheld device, a printer
device, and so on, or any combination thereof.

Broadly stated, the output of the graph exploration module
102 represents a visual rendering of the graph data. In one
case, the graph exploration module 102 presents the graph
data as a chart selected from among a plurality of available
types of charts. As will be described below, the chart may
tormulate the graph data as a collection of aggregate results,
e.g., representing aggregations of nodes and/or aggregations
of edges. The graph exploration module 102 can form an
aggregate result based on a size-by criterion, such as a count
metric, an average metric, a mimmum metric, a maximum
metric, etc.

In one case, the graph exploration module 102 can repre-
sent the chart as a component within an exploration panel,
such as exploration panel 110 (represented 1n high-level form
in FIG. 1). An exploration panel corresponds to any graphical
object that displays the graph data. In addition, the explora-
tion panel provides various graphical interface features which
allow a user to interact with the graph data.

For example, an exploration panel allows a user to enter
various selections which produce different visualizations of
the graph data within an exploration panel. For example, the
user may enter a chart-type selection to change the type of
chart that 1s used to visualize the graph data within an explo-
ration panel. The user may also enter a presentation selection
to change the manner 1n which the graph data i1s arranged
within a chart, but without changing the type of the chart.

Further, the user may enter various kinds of panel-genera-
tion selections which prompt the graph exploration module
102 to generate a new chart within an entirely new exploration
panel. For example, assume that the user 1s 1n the process of
viewing a first exploration panel. Further assume that the first
exploration panel presents a first chart that 1s formulated
based on a first subgraph. The first subgraph includes a first
collection of nodes selected from among an entire corpus of
graph data. The user can enter a pivot-type selection to select
a second subgraph comprising a second collection of nodes.
The second collection of nodes 1s linked to the first collection
ol nodes via edges of particular type. In response, the graph
exploration module 102 produces a second exploration panel.
The second exploration panel includes a second chart that 1s
tformulated based on the second subgraph. FIG. 4 (described
in turn below) provides additional information regarding the
pvot-type selection.

In another case, the graph exploration module 102 allows a
user to pull out one or more parts from the results presented in
a first exploration panel (or plural exploration panels), e.g.,
using a drag-and-drop operation or the like. Upon the first
extraction, this operation results 1n the generation of a second
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exploration panel. The second exploration panel includes a
second chart which selectively focuses on the part(s) that have
been pulled out of the first exploration panel. The selection
which invokes this operation is referred to as a filtering-type
selection herein.

In another case, the graph exploration module 102 allows a
user to mvoke a clone command. This results 1n the produc-
tion of a second exploration panel which 1s a duplicate version
(1.e., a clone) of the first exploration panel. The selection
which 1ivokes this cloning operation is referred to as a clon-
ing-type selection herein.

The above-described three panel-generation scenarios are
described by way of example, not limitation. Other 1mple-
mentations in other environments can use other triggering
circumstances to generate a new exploration panel.

The graph exploration module 102 presents each explora-
tion panel that 1t produces 1n a graphical exploration space
referred to herein as an exploration canvas 112. Further, the
graph exploration module 102 can provide links which con-
nect the exploration panels together, thus forming a tree or
other form of visual graph (such as a directed acyclic graph
(DAG)). One such link 1s illustrative link 114. Each link
connects a source exploration panel to a target exploration
panel, indicating that the target exploration panel was pro-
duced, at least 1n part, from the source exploration panel.
Further, each link can include at least one visual attribute
which identifies the type of panel-generation action which
was 1mvoked to produce the target exploration panel, such as
the above-described pivot-type operation, filtering-type
operation, or cloning-type operation. In one implementation,
the graph exploration module 102 may be configured to allow
the user to manually select the locations of the exploration
panels. For example, the graph exploration module 102 can
allow a user to move an exploration panel using a drag-and-
drop operation. In addition, the graph exploration module 102
can allow a user to adjust the size of any exploration panel.

Through the above-described provisions, the graph explo-
ration module 102 can present one or more exploration paths
which represent a history of the user’s (or plural users’)
exploration actions within an exploration session. The graph
exploration module 102 can also allow a user to 1dentily a
particular point in an exploration path, associated with a state
within the exploration path. In response, the graph explora-
tion module 102 highlights the pertinent portions of the
exploration path which contributed to the 1dentified state.

The graph exploration module 102 can be implemented by
logic modules that perform the above-described functions.
For example, the graph exploration module 102 includes
chart generation logic 116 for generating the exploration
panels. As stated, each exploration panel presents a visual
rendering of the graph data 1n the form of a particular chart. To
provide the chart, the chart generation logic 116 canrely on a
collection of charting modules 118. Each charting module
allows the chart generation logic 116 to generate a chart of a
particular type. The collection of charting modules 118 1s
extensible. This means that a user or other agent may later add
one or more new charting modules associated with respective
new chart type(s).

The graph exploration module 102 also includes history
management logic 120. The history management logic 120
stores information regarding exploration selections made by
the user 1n an exploration session, together with the explora-
tion panels and associated charts produced by the those selec-
tions. The history management logic 120 can store (S) any
information associated with an exploration path 1n one or
more data stores 122. The history management logic 120 can
also retrieve (R) information associated with an exploration
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path. In some scenarios, multiple users can collaboratively
generate such an exploration path over plural sessions.

Advancing to FIG. 2, this figure shows one implementation
of the graph exploration module 102 of FIG. 1. In this case,
local computing functionality 202 implements the graph
exploration module 102, e.g., as an application module that 1s
locally stored by the local computing functionality 202. The
local computing functionality 202 may represent any type of
computing device, such as a personal computer, a computer
workstation, a lap top computer, a game console device, a
set-top box device, a personal digital assistant (PDA), a
mobile telephone, a tablet-type computer, an electronic book-
reader device, and so on. In this implementation, the local
computing functionality 202 can interact with graph data
stored 1n one or more local and/or remote data stores 104.

FIG. 3 shows another implementation of the graph explo-
ration module 102. In this case, the graph exploration module
and the graph data can be distributed between local comput-
ing functionality 302 and remote computing functionality
304 1n any manner. For example, in one scenario, the local
computing functionality 302 can provide a graph exploration
module 102A, which has access to local graph data store(s)
104A and/or remote graph data store(s) 104B. In another
scenario, the remote computing functionality 304 can provide
a graph exploration module 102B, which has access to graph
data store(s) 104 A and/or graph data store(s) 104B. In another
scenario, the graph exploration module can be implemented
by a combination of the locally-implemented graph explora-
tion module 102 A and the remote-implemented graph explo-
ration module 102B, with access to any of the graph data
store(s) 104 A and/or the graph data store(s) 104B. Still other
implementations are possible.

In any of these scenarios described above with reference to
FIG. 3, the user may interact with the graph exploration
module via the local computing functionality 302. The local
computing functionality 302 may represent any type of com-
puting device described above (with respect to FIG. 2). The
remote computing functionality 304 may represent one or
more server computers and associated data stores, etc., pro-
vided at a central location or distributed over plural locations.
A communication conduit 306 connects the local computing,
functionality 302 and the remote computing functionality
304. The communication conduit 306 represents any type of
local area network, any type of wide area network (e.g., the
Internet), any type of point-to-point connection, and so on, or
any combination thereof.

FI1G. 4 shows an example of one manner in which the graph
data can be structured, and how this graph data can be lever-
aged to perform pivoting between related subgraphs. Con-
sider, for example, the above-described case in which the
entire corpus of graph data represents a collection of papers,
created by authors, for presentation 1n various proceedings. In
a particular exploration session, assume that a user produces
a first exploration panel having a chart which presents a first
subset 402 of the graph data. For example, the user may
produce a chart based on papers pertaining to a particular
topic or topics. In this case, the first subset 402 of graph data
includes a first collection of paper nodes that can be concep-
tualized as a subgraph, where that subgraph represents part
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Each paper node 1n the first subset 402 may include one or
more edges that link it to one or more other respective nodes.
Consider a particular paper node X in the first subset 402 that
1s associated with a paper x. That paper node X may include
a link that points to an author node L that 1s associated with an
author 1 who contributed to the paper x. The paper node X
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may include another link which points to another paper node
M that 1s associated with a paper m cited in the paper x. The
paper node X may include another link which points to
another paper node N that 1s associated with a paper n which
cites paper X, and so on. More generally, some of the links
point to nodes having the same type as paper node X (that 1s,
other paper nodes); other links point to nodes having a dii-
ferent type compared to the paper node X (such as author
nodes).

A user may 1mvoke a pivot-type selection to transition from
the first subset 402 of graph data to another subset of data
along a specified edge type. For example, the user may imvoke
the pivot-type selection to transition from the first subset 402
to a second subset 404 of graph data. The second subset 404
of graph data includes a second collection of nodes that are
linked to the first collection of nodes by edges 406 of a type P.
Alternatively, the user may invoke the pivot-type selection to
transition ifrom the first subset 402 of graph data to a third
subset 408 of graph data. The third subset 408 of graph data
includes a third collection of nodes that are linked to the first
collection of nodes by edges 410 of a type Q. Upon reaching
the third subset 408, the user may decide to pivot to yet
another subset (e.g., a fourth subset 412) along a specified
edge type.

To be more concrete, for example, the user can transition
from the first subset 402 to the second subset 404, where the
second subset 404 represents a collection of authors who are
associated with the papers i1dentified 1n the first subset 402.
The edges 406 associated with this transition are paper-to-
author edges. Or the user can transition from the first subset
402 to the third subset 408, where the third subset 408 repre-
sents a collection of papers which cite the papers in the first
subset 402, or a collection of papers which are cited by papers
in the first subset 402, and so on. The edges 410 associated
with this transition are paper-to-citing-paper edges (in the
former case) and paper-to-cited-paper edges (in the later
case). The paper-to-citing-paper edges and the paper-to-
cited-paper edges may be implemented as a single set of
edges; the meaning of these edges differs when considered
from different edge directions. The detailed scenario which
tollows will provide further details regarding the pivot-type
selection.

In one implementation, the graph exploration module 102
can enable the above behavior by creating a list of node types.
For each pair of node types, the graph exploration module 102
then creates a list of possible edges connecting the pair of
node types, together with an indication of the directionalities
of the edges. The graph exploration module 102 enables
prvoting 1n either direction on each edge in the list of edges,
although the verbs which describe the pivot action will differ
for each direction. Consider the case in which a first type of
node 1s connected to a second type of node along a specified
edge. The graph exploration module 102 will give the user the
opportunity to pivot to a specific set of the second type of
nodes along the specified edge when the user 1s viewing a
chart that 1s constructed based on a specific set of the first type
ofnodes. This 1s not to necessarily say, however, that every set
of the first type ol nodes has a counterpart set of nodes of the
second type connected via the specified edge; hence, 1n some
cases, pivoting along the specified edge may yield an empty
chart. To be yet more concrete, a chart may 1dentily a set of
papers, none of which are cited by any other papers. Hence,
although the user will be given the opportunity to attempt to
pivot along paper-to-citing-paper edges, this operation will
yield an empty chart, because there are no such edges in this
particular instance which point to citing papers.
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FI1G. 4 also illustrates the nature of attributes that are asso-
ciated with each node. For example, consider the first node X
in the first subset 402, which describes the particular paper x.
This paper node X has a collection of attributes which are
directly associated with the paper x, such as paper 1D, title,
subtitle, starting page, ending page, etc. These attributes may
be referred to as direct attributes. As indicated above, the
paper node X 1s also linked to other nodes, such as one or
more author nodes and one proceeding node, etc. Each of
these linked nodes has their own direct attributes. Hence, the
paper node X 1n the first subset 402 can be said to have a
number of indirect attributes that are “imported” from 1its
linked nodes, such as author name, author atfiliation, pro-
ceeding 1d, proceeding location, and so on.

This implementation also 1implies that each attribute can
have plural values. For example, an author node can be asso-
ciated with multiple topics, e.g., pertaining to the topics of the
papers he or she has written. This also means that the same
author node can be potentially represented by plural aggre-
gated results within a single chart. This, in turn, means that
any given chart may include duplicate nodes.

Various interface features of an exploration panel can list
the attributes of a particular type of node (such as a group-by
interface feature described below), allowing a user to select
from among the attributes. The exploration panel can include
any type of indicia for discriminating between direct
attributes and indirect attributes of a node type, such as by
appending a prefix to the indirect attributes.

Advancing now to FIG. 5, this figure shows one example of
an exploration panel 502. The exploration panel 502 presents
a mechamsm for: (a) presenting a visual representation of the
graph data 1n a chart selected from a set of available chart
types; and (b) allowing a user to interact with the chart. In one
case, the graph exploration module 102 produces the explo-
ration panel 502 as a graphical user interface presentation that
1s displayed on any type of display device, such as a computer
monitor, a screen of a handheld device, etc.

Generally, the graph exploration module 102 can produce
an exploration panel having any shape, look, feel, operability,
and arrangement of features. For example, although FIG. §
shows a rectangular exploration panel 502, the graph explo-
ration module 102 can produce an exploration panel having
any shape and size. Further, the shape and/or size may be
adjustable.

The exploration panel 502 may include a plurality of sec-
tions. In this representative and non-limiting case, a top-most
section 504 provides an overview of information conveyed by
the exploration panel 502. For example, the top-most section
504 includes a display item 506 (e.g., comprising text and/or
an icon, etc.) which indicates that the exploration panel 502
currently presents aggregate results pertaining to paper nodes
within the graph data.

The top-most section 504 also includes high-level interface
teatures which allow the user to modify the manner in which
the graph data 1s presented. For example, the top-most section
504 includes chart-selection interface feature 508 which
allows a user to select the type of chart that 1s used to present
the graph data. Currently, as will be explained below, the user
has opted to the present the graph data using a hybrid-type bar
chart.

The top-most section 504 also includes a node-selection
interface feature 510 which allows a user to make a pivot-type
selection. In this example, the exploration panel 502 presents
a chart based on a first collection of nodes associated with
papers. The user can invoke the node-selection interface fea-
ture 510 to select a second collection of nodes that are linked
to the first collection of nodes along a specified edge type.
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More specifically, the user can use the node-selection inter-
face feature 510 to transition from a first subgraph to a second
subgraph, where the second subgraph 1s composed of paper
nodes, author nodes, or proceedings nodes. In one implemen-
tation, the node-selection interface feature 510 can enumerate
the different transition options using a drop-down menu or the
like. Each option can identily an edge type that leads to a
particular collection of linked nodes, such as, for the case of
paper nodes: (1) authors of the papers; (2) proceedings of the
papers; (3) papers cited by these papers; (4) papers that cite
these papers, etc.

The top-most section 504 also includes a clone-selection
interface feature 512 which allows a user to 1voke a clone-
type selection. Once mmvoked, the graph exploration module
102 will produce a second exploration panel (not shown)
which 1s a duplicate version of the exploration panel 502. The
1llustrative exploration session described below will set forth
an 1llustrative context in which a user may wish to imvoke this
command. Finally, the top-most section 504 includes a close
interface feature 514 which removes the exploration panel
502 from the exploration canvas 112 (when the exploration
panel 502 has no children).

A miad-level section 516 of the exploration panel 502 pre-
sents additional information that pertains to the visual ren-
dering of the graph data, as well as additional interface fea-
tures for modifying the visual rendering. For example, the
mid-level section 516 includes textual information 318 which
describes the high-level characteristics of the chart that 1s
presented by the exploration panel 502. In this particular case,
the textual information 518 indicates that the chart 1s formed
based on 4073 unique visible papers and 5514 duplicate vis-
ible papers. More specifically, any particular paper node that
1s represented in the chart may contribute to two or more
aggregated results 1n the chart. The “unique visible papers™
entry indicates the number of unique paper nodes 1n the chart
that are currently visible in the exploration panel 502. The
“duplicate visible papers” entry indicates the number of
redundant paper nodes 1n the chart that are currently visible in
the exploration panel 502. The textual information 518 fur-
ther indicates that there 1s a total of 4073 papers represented
in the chart and a total of 4073 papers associated with the
entire corpus of graph data. The textual information 518
turther indicates that the chart includes 19 of a total o1 19 node
groups, meaning that all of the paper nodes associated with
the chart are visibly represented 1n the chart at this time. Each
node group, 1n turn, represents an aggregation ol nodes.

The mid-level section 516 also includes a group-by 1nter-
face feature 520 which specifies a grouping criterion for
forming the node groups. Currently, the user has opted to
form aggregations of paper nodes based on paper topics. The
mid-level section 516 also includes a size-by interface feature
522 which specifies a size-by criterion for assessing the size
of a node group. Currently, the user has opted to represent the
s1ze of a node group based on the number of nodes in the
group. More generally, any function or paradigm can be used
to represent the size of a node group. Other sizing options
include an average metric for a group of nodes, a minimum
metric for the group of nodes, a maximum metric for the
group of nodes, etc. The size-by criterion can also be defined
with respect to any attribute(s) associated with the nodes 1n a
group, rather than, or 1n addition to, the number of nodes 1n
the group. The mid-level section 516 also includes a sort-by
interface feature 524 which specifies a criterion for sorting the
node groups. Currently, the user has opted to sort the node
groups based on the sizes of the node groups, e.g., by sorting
the node groups from largest to smallest. The mid-level sec-
tion 516 also includes an edge-type-selection interface fea-
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ture 526 for selecting the type of edges represented by the
chart. Currently, the user has opted to form aggregations
based on paper-cite edges 1n the graph data. The mid-level
section 516 also includes another size-by interface feature
528 which specifies a criterion for assessing the size of an
aggregation of edges. Currently, the user has opted to repre-
sent the size of an aggregation of edges based on the number
of edges 1n that aggregation, but this criterion can be specified
using any function(s) and/or attribute(s). Generally, at least
some of the selections made via the mid-level section can be
regarded as presentation selections which govern the arrange-
ment of graph data presented 1n the selected chart.

A lower section 530 presents aggregate results generated
by the graph exploration module 102 within a chart. Here, the
chart 1s a hybrid-type bar chart 532. Generally stated, the
hybrid-type bar chart 532 includes a plurality of node-aggre-
gation signifiers which represent respective groups of nodes.
The hybrid-type bar chart 532 also includes a plurality of
edge-aggregation signifiers which represent respective
aggregations of edges. More specifically, 1n one implemen-
tation, the hybrid-type bar chart 532 represents the node-
aggregation signifiers as a plurality of bars. The hybrid-type
bar chart 532 represents the edge-aggregation signifiers as a
plurality of links which connect the bars together.

Still more specifically, 1n this scenario, the height of each
bar represents a number of paper nodes associated with a
particular topic (based on the specified size-by criterion). The
hybrid-type bar chart 332 arranges the bars from largest to
smallest based on the number of paper nodes 1n each topic
according to the sort-by criterion. Fach link represents an
aggregate number of citations from papers 1n one topic (asso-
ciated with one bar) to papers 1n another topic (associated
with another bar).

The graph exploration module 102 can use any visual
attribute(s) to present the number of edges associated with a
link. Further, the graph exploration module 102 can present
the directionality of a link using any visual attribute(s). For
example, 1n the particular case shown 1n FIG. 3, the hybrid-
type bar chart 532 represents the size of an aggregation of
edges based on the thickness of the corresponding link. In
addition, or alternatively, the hybrid-type bar chart 332 can
represent the size of a link based on the coloring and/or
shading applied to the link. In one case, the hybrid-type bar
chart 532 represents the directionality of a link using an
arrow. In addition or alternatively, the hybrid-type bar chart
532 can represent the directionality of a link based on a
coloring and/or shading applied to the link, e.g., by transi-
tiomng from a first color to a second color to denote the
directionality of the link. In addition, or alternatively, a first
grouping of links can be pointed in a first direction (e.g., right
to lett, as shown in the top grouping of links 1n FIG. 5) and a
second grouping of links can be pointed 1n a second direction
(e.g., left to right, as shown 1n the bottom grouping of links).
The graph exploration module 102 can use any type of visu-
alization strategy to order the links, e.g., by defining the
manner 1 which certain links overlie (or underlie) other
links. In one 1nstance, the graph exploration module 102 can
present smaller links on top of larger links so as not to obscure
the smaller links, etc.

In the example of FIG. 5, a link 534 represents paper
citations 1n a “Lab Reports™ topic that point to papers 1n a
“UIMS” topic. A link 536 represents paper citations in a
“V1d” topic that point to papers 1n the “Lab Reports™ topic. A
link 538 represents paper citations 1n an “InfoVis™ topic that
point to other papers 1n that same InfoVis topic, and so on. The
link 538 1s particularly thick, indicating that this link repre-
sents a relatively large number of edges (i.e., paper citations).
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By virtue of the hybrid-type bar chart 532, a user can be
simultaneously apprised of both the size of each node group
and the relationship of each node group to each of the other
node groups. This facilitates the user’s understanding of the
basic nature of the graph data.

To repeat, although a hybrid-type bar chart 1s depicted 1n
FIG. 5, the user can operate the chart-selection interface
teature 508 to select another type of chart. Illustrative other
available charts include a tag cloud chart, a matrix chart, and
a table chart, a scatter-plot chart, a node-link chart, etc. (this
list being representative, rather than exhaustive). One 1llus-
trative tag cloud chart represents the size of each node group
based on a size of a textual label associated with the node
group. One 1llustrative matrix chart represents the size of each
node group based on any type(s) of variable attribute(s) of a
signifier that 1s placed in a cell defined by two or more axes,
such as a size of a circle that1s placed in the cell, a color and/or
shade of the cell, etc. For example, one type of matrix chart
can list universities A, B, C, and D across a first axis and the
same list of universities (1.e., A, B, C, and D) across a second
orthogonal axis. The size of an icon placed at a particular
location within a space defined by these axes corresponds, for
instance, to a number of paper citations from a first university
to a second umversity (where the first university and the
second umversity are defined by the row and column posi-
tions, respectively, of the 1con). One 1llustrative table chart
provides detailed textual information and/or other informa-
tion regarding the nodes and/or edges 1n the graph data, pre-
sented 1n any type of table format.

As a final point, the hybrid-type bar chart 332 presents all
node groups associated with all topics (e.g., in this case, all 19
of a total of 19 node groups). In other cases, a chart may
present only a portion of a total number of node groups that
have been generated. In that case, a user can mvoke a set-
selection interface feature 5340, causing the graph exploration
module 102 to regenerate the chart with additional nodes
groups.

The exploration panel 502 can incorporate other mecha-
nisms for mvestigating the graphical data represented 1n the
chart 532. For example, although not shown, the exploration
panel can include an 1nterface feature for recerving a textual
search query. The graph exploration module 102 can respond
to the search query by identifying particular results in the
chart 532 that match the search query, meaning that these
results include underlying graph data that matches the search
query. Such a search query can alternatively prompt the graph
exploration module 102 to generate another exploration panel
which focuses on the parts of the chart 532 that satisty the
search query.

In addition, or alternatively, the exploration panel 502 can
incorporate any number of widget-like interface features
which allow a user to enter filtering criteria. Such widget-like
interface features can include slider mechanisms for entering
adjustable ranges of filtering criteria, checkboxes or the like
for 1dentifying discrete filtering criteria, and so on.

A.2. Representative Exploration Session

FIGS. 6-14 show a series of exploration panels that the
graph exploration module 102 displays on the exploration
canvas 112 1n the course of an exploration session. FIGS. 15
and 16, to be discussed 1n turn, present a high-level view of all
the exploration panels that are presented on the exploration
canvas 112 at the completion of the exploration session.
Labels “A1” through “H2” are assigned to respective explo-
ration panels to assist 1n the later identification of a subset of
these panels.

Beginning with FIG. 6, assume that the user begins by
generating the initial exploration panel 502 described above
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with respect to FIG. 5. To repeat, this exploration panel 502
presents a hybrid-type bar chart 532 that shows topic-related
aggregations of paper nodes. So as not to unduly encumber
the depiction, FIG. 6 (and the reminder of the figures) omit the
links which show the relationships between the node aggre-
gations. A user may also purposely suppress these links by
selecting an appropriate “no edge” option provided by the
edge-type-selection interface feature 526.

Assume next that the user wishes to produce a chart that 1s
based on author nodes, where those author nodes are linked to
the paper nodes shown 1n the exploration panel 502. To per-
form this task, the user may invoke the node-selection inter-
face feature 602 to enter a pivot-type selection, namely select-
ing author nodes instead of paper nodes. For example, 1n one
case, the node-selection interface feature 602 may represent a
drop-down menu or other graphical selection mechanism that
shows the available types of edges which link to different
respective collections of nodes. Here, the user has selected an
“author” entry 1n the drop-down menu, which 1s a shorthand
representation for a paper-to-author type of edge. In this
particular example, the node-selection 1nterface feature 602
presents an abbreviated list of possible edge-transition types;
although not shown, the user can also use the node-selection
interface feature 602 to select a linked collection of paper
nodes.

The selection of author nodes prompts the graph explora-
tion module 102 to produce an entirely new exploration panel
604 shown on the right part of FIG. 6. The new exploration
panel 604 includes a bar chart 606 that represents aggrega-
tions ol author nodes, mnstead of paper nodes. A link 608
connects the previous exploration panel 502 to the new explo-
ration panel 604. The link 608 can have at least one visual
attribute which denotes the type of action (namely a pivot-
type action) that was invoked to produce the new exploration
panel 604. For example, the visual attribute may correspond
to a particular color, here denoted by the letter m.

Currently, the node groups 1n the bar chart 606 are grouped
based on a country criterion, which may represent an nitial
default criterion. Assume now that the user wishes to change
the grouping criterion to state. To do so, the user activates a
group-by interface feature 610 to change the grouping crite-
rion from country to state.

FIG. 7 shows anew bar chart 702 produced by the selection
made via the group-by interface feature 610 of FIG. 6. As
shown, the new bar chart 702 now forms groups based on the
state affiliation of author nodes. In one implementation, the
graph exploration module 102 presents the new bar chart 702
in the context ol the existing exploration panel 604 introduced
in FIG. 6. That 1s, the graph exploration module 102 does not
produce a new exploration panel 1n this circumstance (al-
though, 1n other implementations, 1t can be configured to
produce a new exploration panel 1n this circumstance).

Now assume that the user wishes to examine the subset of
author nodes associated with a GA (Georgia) grouping. To do
so, the user can use a mouse device (or other input mecha-
nism) to select the bar associated with the GA grouping, and
then drag this bar out to produce another exploration panel
704. This exploration panel 704 1nitially presents a bar chart
706 having a single bar representing the author nodes asso-
ciated with the state of Georgia. Although not shown, the user
can perform a similar dragging movement to extract an edge
from the bar chart 702 in the exploration panel 604. This
prompts the graph exploration module 102 to extract the
nodes that are associated with the extracted edge; those nodes
may represent a subset of the nodes represented by the two
bars connected together by the extracted edge. Further,
although not shown, the user can repeatedly perform this
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dragging operation to select multiple bars and/or multiple
edges from one or more exploration panels, which forms a
union of the multiple bars and/or multiple edges. Further still,
the user can pull parts from two or more charts presented in
two or more exploration panels. Generally, this type of opera-
tion 1s referred to herein as a filtering-type selection. A link
708 represents the connection between the previous explora-
tion panel 604 and the new exploration panel 704. The link 1s
labeled using the letter {3 to denote a filtering-type action.

The graph exploration module 102 can also present infor-
mation 710 that provides a textual explanation of the logical
operations that yield the exploration panel 704. This textual
explanation may encompass all prior operations that contrib-
ute to the presentation of the exploration panel 704. In one
case, the exploration panel 704 can present such a logical
explanation as a permanent field in the exploration panel 704.
In another case, the graph exploration module 102 can invoke
this logical explanation when the user moves the mouse over
a particular field of the exploration panel 704, and so on.
Further, 1n one case, the user can directly modily the textual
explanation 1n the information 710, e.g., by adding a filtering
term, removing a filtering term, etc. This causes changes to
the filtering criteria applied to the chart 706, and hence, may
change the graph data that 1s represented 1n the chart 706. In
other words, this operation may act to supplement and/or
replace the selection of filtering criteria using the drop-down
interface features described with reference to FIG. 5. Alter-
natively, in some cases, a change 1n the textual explanation in
the information 710 may prompt the graph exploration mod-
ule 102 to generate a new exploration panel.

It another application, the user can create a new textual
explanation, e.g., by authoring 1t from “scratch’ or by pasting
it 1n from another source. This prompts the graph exploration
module 102 to generate an exploration panel (and associated
chart) which shows the effects on the textual explanation on
the graph data, or a series of linked exploration panels show-
ing different steps of the logical operations defined by the
textual explanation.

Now assume that the user wishes to group the author nodes
in the bar chart 706 by atiiliation. To do so, the user activates
a group-by interface feature 712 and selects the entry ““affili-
ation.” This yields the bar chart 802 shown 1n FIG. 8. Again,
in one 1mplementation, the graph exploration module 102
generates the new bar chart 802 1n the context of the same
exploration panel 704 introduced in FIG. 7, rather than pro-
ducing a new exploration panel.

Now assume that the user wishes to change the type of
chart that 1s used to represent the graph data from a bar chart
to a tag cloud chart. To do so, the user mvokes the chart-
selection interface feature 804 and selects the entry “Tag
Cloud.” This action produces the tag cloud chart 902 shown 1n
FIG. 9. Once again, the graph exploration module generates
the new tag cloud chart 902 in the context of the same explo-
ration panel 704 introduced in FIG. 7, rather than producing
a new exploration panel. The new tag cloud chart 902 shows
various institutions in the state of Georgia.

At this juncture, now assume that the user wishes to further
explore the graph data associated with the Georgia Institute of
Technology 1n Atlanta, Ga. (“Georgia Tech”). As can be seen
from the tag cloud chart 902, there are five entries that corre-
spond to this institution. Each entry identifies the institution
Georgia Tech 1n a slightly different manner. To extract these
entries, the user can successively drag each of the Georgia
Tech entries into a new exploration panel 904 (which 1s cre-
ated as a result of the first dragging operation) to create a
union of the extracted entries. Although not shown, a user can
perform a similar dragging operation by pulling entries from
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multiple different source exploration panels. A resultant tag
cloud chart 906 1n the exploration panel 904 includes the five
entries 1n the original tag cloud chart 902 that correspond to
the institution Georgia Tech. The graph exploration module
102 also produces 3-type link 908 which connects the previ- 5
ous exploration panel 704 to the new exploration panel 904.

Now assume that the user wishes to re-sort the groups 1n the
tag cloud chart 906 according to alphabetical order (rather
than size). To do so, the user interacts with the sort-by inter-
face feature 910. (The immediate result of thus action 1s not 10
shown 1 FIG. 9.) Next assume that that the user wishes to
pivot back to a paper-node representation of the graph data,
rather than an author-node representation. This will reveal a
collection of paper nodes that are linked to the author nodes
represented by the chart 906. To do so, the user interacts with 15
the node-selection interface feature 912, selecting the
“Papers” entry. This action produces a new exploration panel
1002 shown 1n FIG. 10. The new exploration panel 1002 1s
connected to the previous exploration panel 904 via a m-type
link 1004 (indicating another pivot-type action). 20

A bar chart 1006 shown in the exploration panel 1002
groups the nodes by topic. Assume that the user wishes to
alternatively form groups based on the last names of authors
who are associated with the papers. To do so, the user invokes
a group-by mterface feature 1008, selecting the “author_last- 25
_name” entry in the drop-down menu (where “author_last-
_name” 1s one example of the above-described indirect
attributes of a paper-type node). This action produces a new
bar chart 1010, shown at the right portion of FI1G. 10, within
the same exploration panel 1002. 30

Now assume that the user wishes to produce a tag cloud
representation of the graph data shown 1n the bar chart 1010,
in s1de-by-side comparison to the bar chart 1010. To do so, the
user may activate a clone-selection interface feature 1012.
This action yields an entirely new exploration panel 1102, 35
shown in FIG. 11. The new exploration panel 1102 1s an exact
duplicate (1.e., clone) of the previous exploration panel 1002
shown 1n FIG. 10. A link 1104 represents the transition from
the exploration panel 1002 to the exploration panel 1102. The
link 1104 1s labeled with the letter ¢, which denotes a clone- 40
type action. At this juncture, the user may interact with a
chart-selection interface feature 1106 to change the bar chart
1010 to a tag cloud chart 1108, as shown in the leit part of
FIG. 11.

The exploration panel 1102 shown 1n the nght part of FIG. 45
11 represents a terminal panel 1n one branch of the explora-
tion session. Now assume that the user returns to the explo-
ration panel 1002 shown 1n the right part of FIG. 10. This
exploration panel 1s reproduced 1n the lett part of FI1G. 12. In
the context of that exploration panel 1002, assume that the 50
user wishes to explore the papers that are associated with a
particular author, namely, the hypothetical “John Davenport.”

To do so, the user may drag the bar associated with this author
out, to produce yet another exploration panel 1202 shown 1n
the right part of FIG. 12, which 1s linked to the prior explo- 55
ration panel 1002 via a B-type link 1204. The exploration
panel 1202 includes a bar chart 1206 which sorts the papers
written by John Davenport by topic. Now assume that the user
wishes to produce a tag cloud representation of the informa-
tion imparted by the bar chart 1206. To do so, the user may 60
interact with a chart-selection intertace feature 1208, select-
ing the tag cloud option. This yields a new tag cloud chart
1302 shown 1n the left part of FIG. 13, in the context of the
same exploration panel 1202 introduced in FI1G. 12.

Now assume that the user wants to produce a still more 65
focused review of papers written by John Davenport 1n the
topic of “CSCW.” To accomplish this goal, the user can drag,
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the tag “CSWC” out of the tag cloud chart 1302 onto the
exploration canvas 112, thereby creating a new exploration
panel 1304. The new exploration panel 1304 i1s linked to the
previous exploration panel 1202 by a -type link 1306.

Finally, assume that the user wishes to examine detailed
information pertaiming to the papers associated with the
author John Davenport 1n the topic of CSCW. To do so, the
user can interact with the chart-selection imterface feature
1308 to select a table chart. This yields a table chart 1402
shown 1n FIG. 14.

FIG. 14 represents the last-generated exploration panel 1n
this particular illustrative exploration session. In one case, the
graph exploration module 102 can allow a user to later revise
(and add to) any leaf panel 1n an exploration session. But, in
one implementation, the graph exploration module 102 may
prevent a user from modifying any intermediary panel in an
exploration sessions, e.g., where such intermediary panel 1s a
parent or ancestor to other “downstream” (dependent) panels.
In one strategy, to modily the graphical datarepresented by an
intermediary panel, the user can create a cloned copy of that
intermediary panel, thus starting a new leafl panel which can
be modified; further, a user can also use a drag-and-drop
operation to pull results from any intermediary panel to create
a new panel. But in other implementations, this locking
behavior with respect to intermediary panels can be relaxed or
modified in any way.

Again, 1n FIGS. 6-14, letters Al through H2 are assigned to
respective exploration panels. FIG. 15 shows a high-level
summary view ol a subset of these exploration panels, as
presented on the exploration canvas 112, namely the explo-
ration panels Al, B2, C3, D1, E2, F2, G2, and H2. Links of
different types connect the exploration panels together,
including w-type links (for pivot operations), p-type links (for
filtering operations ), and one ¢-type link (for a cloning opera-
tion). The graph exploration module 102 can be configured to
allow a user to freely move the exploration panels to desired
locations 1n the exploration canvas 112. Further, the graph
exploration module 102 can allow a user to zoom 1n or zoom
out on any part of the exploration canvas 112 and pan within
the exploration canvas 112. In addition, the graph exploration
module 102 can provide an auto-arrange mechanism which,
upon activation, automatically orders the exploration panels
based on a selected layout paradigm, such as a fixed-gnd
ordering paradigm, a grouping paradigm, a graph-drawing
algorithm (e.g., using the Sugiyvama technique, a force-di-
rected technique, etc.), and so on.

Considered as a whole, the series of exploration panels and
links shown 1n FIG. 15 represents two exploration paths, e.g.,
where the two paths terminate 1n different respective leaf
node panels (“F2” and “H2.,” respectively). In this case, the
two exploration paths from a branching tree. But any child
exploration panel can alternatively draw parts from two or
more parent exploration panels. In this case, the exploration
paths can form a directed acyclic graph.

The graph exploration module 102 can also incorporate a
clean-up mechanism that allows a user to conveniently
remove parts of the exploration paths. For example, the explo-
ration module 102 can present a trash interface feature 1502
on the exploration canvas 112 or on another part of the graphi-
cal user interface. The user can drag parts of the exploration
paths into the trash interface feature 1502 to remove them
from the exploration paths. In addition, or alternatively, the
clean-up mechanism can include functionality for collapsing
part of the exploration paths, such as, for instance, by collaps-
ing a branch within a tree-structured or a DAG-structured
collection of exploration paths, etc. The clean-up mechanism
can be configured to mmvoke this operation when the user
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enters a collapse command, e.g., by double-clicking on a
branch, etc. The user can subsequently expand a collapsed
part of the collection of exploration paths by entering an
expansion command.

In addition, or alternatively, the user can selectively pull
data from an individual chart into the trash interface feature
1502. For example, the user could pull one or more bars
and/or edges out of a hybrid bar chart, or one or more tags out
of a tag chart, or one or more individual entries out of a table
chart, and so on. This operation results in the removal of the
extracted parts from the graph data that 1s used to construct
the (remaining) chart. For example, in FIG. 9, istead of
pulling desired parts out of the exploration panel 704 to create
the new exploration panel 904, the user can remove undesired
parts from the exploration panel 704 to achieve the same
elfect.

The history management logic 120 can be used to store and
retrieve information regarding the exploration path(s). This
enables a user to create an exploration path 1n a single session
or multiple sessions. Further, other people may contribute to
the exploration path in a collaborative fashion.

More specifically, 1n one implementation, the graph explo-
ration module 102 can allow plural users to access the same
exploration path(s) presented 1n an exploration canvas, 1n
offline fashion or simultaneously. The graph exploration
module 102 can present a workspace to each user having a
viewer-specific visual attribute, such as a distinguishing
background color. In one implementation, the graph explora-
tion module 102 can allow each user to read other user’s
workspaces, but not modily them. Thus, the graph explora-
tion module 102 can allow a user to pull out parts of another
user’s exploration path or clone parts of the other user’s
exploration path, but not change the other user’s existing
exploration path. However, this read-only behavior can be
modified 1 any number of ways based on different collabo-
ration paradigms. In another case, different users may be
assigned different types of permissions.

As shown 1n FIG. 16, a user can select a particular point
along an exploration path, such as by moving a cursor pointer
1602 to a particular link or exploration panel 1n the explora-
tion path. This point corresponds to a particular state of the
exploration path. In response, the graph exploration module
102 can selectively highlight the portions of the exploration
path which contribute to the i1dentified state. In certain cir-
cumstances, one or more bars, edges, and/or tags contribute to
the state. I1 so, the graph exploration module 102 selectively
highlights these bars, edges, and/or tags. In other circum-
stances, an entire exploratlon panel contributes to the state. In
this situation, the graph exploration module 102 highlights
the entire panel (as represented 1n the illustrative and non-
limiting case of FIG. 16 by the bold-facing of the borders of
certain exploration panels).

Further, the graph exploration module 102 can allow a user
to 1dentily any individual node or group of nodes, e.g., by
selecting that node (or nodes) 1n the context of an exploration
panel or by selecting that node (or nodes) via a separate search
interface (not shown). In response, the graph exploration
module 102 can highlight those parts of the exploration path
(s) that contain the designated node(s). In some cases, a group
of designated nodes may represent a certain portion of an
aggregated result shown in a particular chart. The graph
exploration module 102 can also incorporate a mechanism for
conveying the portion of the aggregated result that 1s repre-
sented by the designated nodes, e.g., by showing a level
within a particular bar of a bar chart.

Further, the graph exploration module 102 can allow the
user to move the mouse device to select any link 1n an explo-
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ration path. In addition to the above highlighting operations,
this action prompts the graph exploration module 102 to
display textual information (e.g., in 1llustrative pop-up bubble
1604) which describes the nature of the transition that 1s
associated with the link.

B. Illustrative Processes

FIGS. 17-21 show procedures that explain one manner of
operation of the graph exploration module 102 of Section A.
Since the principles underlying the operation of the graph
exploration module 102 have already been described 1n Sec-
tion A, certain operations will be addressed 1n summary fash-
ion 1n this section.

Starting with FIG. 17, this figure shows a procedure 1700
which represents an overview of one manner of operation of
the graph exploration module 102. In block 1702, the graph
exploration module 102 receives graph data from any source
or combination of sources. In block 1704, the graph explora-
tion module 102 can present an mitial (“first”) exploration
panel. The mitial exploration panel presents an initial chart
containing a particular node type and default choices for
visual attributes (such as the group-by criterion, etc.).

In block 1706, the graph exploration module 1706 recerves
a selection from a user. The selection may correspond to a
presentation selection, a chart-type selection, or a panel-gen-
eration selection, a movement selection, etc. In block 1708, 11
a presentation selection 1s received, the graph exploration
module 102 modifies an arrangement of the graph data in an
existing chart 1n an existing exploration panel. In block 1710,
if a chart-type selection 1s received, the graph exploration
module 102 generates and presents a new chart in the context
of the existing exploration panel.

In block 1712, i1 a panel-generation selection 1s received,
the graph exploration module 102 generates and presents a
new exploration panel containing a new chart. The graph
exploration module 102 also presents a link which connects
the new exploration panel to the previous exploration panel.

In block 1714, the graph exploration module 102 option-
ally allows a user to move any exploration panel that appears
on the exploration canvas 112 to a desired location on the
exploration canvas 112. The user may also adjust the size of
any exploration panel. The user can also perform any other
task described 1n Section A 1n connection with the exploration
canvas 112, such as highlighting parts of an exploration path,
deleting parts of an exploration path, collapsing part(s) of a
collection of exploration paths, etc.

FIG. 18 shows a procedure 1800 that describes actions
invoked by a filtering-type selection in which one or more
parts are extracted from a chart presented 1n a first exploration
panel to generate a second exploration panel. In block 1802,
the graph exploration module 102 extracts a part of a chart,
e.g., 1n response to a user’s drag-and-drop operation which
pulls out a bar or edge of a hybrid bar chart. The first execution
of block 1802 produces the second exploration panel. In
block 1804, the graph exploration module 102 forms a union
of the part extracted in block 1802 with any previously
extracted part(s) (1f any), for presentation 1n the second explo-
ration panel. The feedback loop indicates that the user can
repeat this extraction operation and union-forming operation
any number of times.

FIG. 19 shows a procedure 1900 for interacting with an
exploration path that describes exploration actions made by a
user within an exploration session. In block 1902, the graph
exploration module 102 receirves an exploration selection
which identifies a particular point in the exploration path. The
point 1s associated with a state 1 the exploration path. In
block 1904, the graph exploration module 102 highlights a
portion of the exploration path which contributes to the 1den-
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tified state. As described 1n Section A, the graph exploration
module 102 can also allow users to select particular node(s),
upon which the graph exploration module 102 indicates
where those nodes appear within an exploration path.

FIG. 20 shows a procedure 2000 for adding a new chart
type to an extensible collection of existing chart types. In
block 2002, the graph exploration module 102 receives a
charting module which provides functionality for creating a
new type of chart. In block 2004, the graph exploration mod-
ule 102 loads the new charting module 1nto 1ts collection of
existing charting modules.

FI1G. 21 shows a procedure 2100 for producing a hybrid-
type bar chart, e.g., as illustrated 1n FIG. 5. In block 2102, the
graph exploration module 102 aggregates nodes 1n graph data
according to at least one grouping criterion, to generate a
plurahty of node groups. A size-by criterion determines how
the sizes of the node groups are represented. In block 2104,
the graph exploration module 102 aggregates edges that con-
nect respective pairs of node groups together, to produce a
plurality of edge aggregations. Another size-by criterion
determines how the sizes of the edge aggregations are repre-
sented. In block 2106, the graph exploration module 102
presents node-aggregations signifiers (e.g., bars) that repre-
sent the node groups. In block 2108, the graph exploration
module 102 presents edge-aggregation signifiers (e.g., links)
which represent the edges. The blocks 2106 and 2108 are
shown as being performed 1n series, but can be performed 1n
any order (or at the same time).

In closing, the graph exploration module 102 has been
described 1n the illustrative context of graph data, where
graph data represents any data that can be represented by
entities (associated with nodes) that are linked together by
relationships (represented by edges). But the graph explora-
tion module 102 can also be used for any data set, e.g.,
comprising a set of entities having attributes associated there-
with. The graph exploration module 102 can analyze such a
data set for any purpose 1n any end-user environment, such as
in the field of business analytics, etc.

In another application, the graph exploration module 102
can be used to provide a visual mechanism for creating SQL
queries or the like. For example, as demonstrated in FIG. 7,
the graph exploration module 102 can provide a textual expla-
nation of a combination of {filtering operations within the
information 710. In one implementation, the graph explora-
tion module 102 can formulate this textual explanation as a
tormal SQL query. The user can create such an SQL query 1n
the manner described above, e.g., by successively adding
filtering conditions using the type of drop-down interface
teatures shown in FIG. 5. At each step in the creation, the
current exploration panel provides a visual representation of
the effect of the SQL query, e.g., by representing the parts of
a database or other resource targeted by the SQL query, etc.
The user can also manually edit the SQL query in the manner
described above, producing resultant changes 1n the chart. Or
the user can write (or paste 1n) a completely new SQL query
to visualize its effect 1n one or more exploration panels.

From a broader perspective, the graph exploration module
102 can use such a SQL query-creation tool to create actual
SQL queries. For example, a user can create an SQL query 1n
the above-indicated manner and then cut and paste 1t into a
desired application. Alternatively, or in addition, the SQL
query-creation tool can be used to train users in the use of
SQL.

C. Representative Processing Functionality

FIG. 22 sets forth illustrative electrical data processing
tfunctionality 2200 (also referred to herein as computing func-
tionality) that can be used to implement any aspect of the
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functions described above. For example, the processing func-
tionality 2200 can be used to implement any aspect of the
graph explorationmodule 102 of FIG. 1, e.g., as implemented
in the embodiment of F1G. 2, FIG. 3, or 1in some other embodi-
ment. In one case, the processing functionality 2200 may
correspond to any type of computing device that includes one
or more processing devices. In all cases, the electrical data
processing functionality 2200 represents one or more physi-
cal and tangible processing mechanisms.

The processing functionality 2200 can include volatile and
non-volatile memory, such as RAM 2202 and ROM 2204, as
well as one or more processing devices 2206 (e.g., one or
more CPUs, and/or one or more GPUSs, etc.). The processing
functionality 2200 also optionally includes various media
devices 2208, such as a hard disk module, an optical disk
module, and so forth. The processing functionality 2200 can
perform various operations 1dentified above when the pro-
cessing device(s) 2206 executes instructions that are main-
tamned by memory (e.g., RAM 2202, ROM 2204, or clse-
where).

More generally, instructions and other information can be
stored on any computer readable medium 2210, including,
but not limited to, static memory storage devices, magnetic
storage devices, optical storage devices, and so on. The term
computer readable medium also encompasses plural storage
devices. In all cases, the computer readable medium 2210
represents some form of physical and tangible entity.

The processing tunctionality 2200 also includes an input/
output module 2212 for receiving various mputs (via iput
modules 2214), and for providing various outputs (via output
modules). One particular output mechanism may include a
presentation module 2216 and an associated graphical user
interface (GUI) 2218. The processing functionality 2200 can
also include one or more network interfaces 2220 {for
exchanging data with other devices via one or more commu-
nication conduits 2222. One or more communication buses
2224 communicatively couple the above-described compo-
nents together.

The communication conduit(s) 2222 can be implemented
In any manner, €.g2., by a local area network, a wide area
network (e.g., the Internet), etc., or any combination thereof.
The communication conduit(s) 2222 can include any combi-
nation of hardwired links, wireless links, routers, gateway
functionality, name servers, etc., governed by any protocol or
combination of protocols.

Although the subject matter has been described 1n lan-
guage specific to structural features and/or methodological
acts, 1t 1s to be understood that the subject matter defined 1n
the appended claims 1s not necessarily limited to the specific
teatures or acts described above. Rather, the specific features
and acts described above are disclosed as example forms of
implementing the claims.

What 1s claimed 1s:

1. A method, implemented by physical and tangible com-
puting functionality, for exploring a data set, the method
comprising:

generating and presenting a first exploration panel that

presents at least part of the data set using a first chart
_1aV111g a first chart type, the first chart being selected
from among a plurahty of available chart types, wherein
the data set comprises graph data, the graph data includ-
ing a plurality of nodes and a plurality of edges which
connect the plurality of nodes together, the first explo-
ration panel being formulated based on a first subgraph
in the graph data comprising a first collection of nodes;
receving a type selection that identifies another of the
plurality of available chart types;
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based on the type selection, generating and presenting a
second chart having a second chart type, at least one of
the plurality of available chart types presenting aggre-
gated results associated with the data set;

receiving a panel-generation selection from a user;

generating and presenting a second exploration panel
based on the panel-generation selection, the second
exploration panel presenting a second subgraph 1n the
graph data having a second collection of nodes; and

presenting a link which connects the first exploration panel
to the second exploration panel.

2. The method of claim 1, wherein the plurality of available

chart types includes at least one of:

a bar chart type;

a tag cloud type;

a matrix type; and

a table type.

3. The method of claim 1, wherein the panel-generation
selection 1nvolves a pivoting-type selection of the second
subgraph, the first collection of nodes being linked to the
second collection of nodes via edges having a specified edge

type.

4. The method of claim 1, wherein said generating of the
second exploration panel mvolves extracting a part of the
graph data that 1s presented 1n the first exploration panel,
wherein the part that 1s extracted 1s presented 1n the second
exploration panel.

5. The method of claim 4, further comprising performing,
said extracting two or more times to extract plural parts of the
graph data, and forming a union based on the plural parts of
the graph data.

6. The method of claim 4, wherein the panel-generation
selection 1s recerved 1 response to an action 1n which the user
graphically drags a visual representation of the part from the
first exploration panel onto an exploration canvas, to produce
the second exploration panel.

7. The method of claim 1, wherein said generating the
second exploration panel mvolves cloning the first explora-
tion panel, to produce the second exploration panel.

8. The method of claim 1, further comprising presenting a
logical description of one or more selections which have been
made that contribute to generation of the second exploration
panel.

9. The method of claim 1, wherein the link that connects the
first exploration panel and the second exploration panel has at
least one visual attribute which denotes a type of processing
action has been performed to produce the second exploration
panel.

10. The method of claim 1, further comprising:

receiving an exploration selection from a user which iden-

tifies a point 1n an exploration path, the exploration path
including at least two exploration panels, together with
one or more links that connect said at least two explora-
tion panels together; and

highlighting portions of the exploration path which con-

tribute to a state that 1s associated with the point in the
exploration path that has been 1dentified.

11. The method of claim 1, further comprising receiving
and loading a new charting module which provides function-
ality for generating a new chart type.

12. The method of claim 1, further comprising:

receiving a presentation selection from a user; and

based on the presentation selection, modilying an arrange-

ment of the data set in the first exploration panel,
wherein the presentation selection specifies at least one of:
a criterion for sorting the nodes;
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a criterion for sizing respective accumulations of the
nodes; and

a criterion for sizing respective accumulations of the
edges within the graph data.

13. The method of claim 1, further comprising storing
information regarding an exploration path associated with
one or more exploration panels, and retrieving the informa-
tion regarding the exploration path, enabling one or more
users to modily the exploration path over two or more ses-
S1011S.

14. A physical and tangible computer readable medium for
storing computer readable 1nstructions, the computer read-
able instructions performing a method to generate a graphical
user nterface when executed by one or more processing
devices, the method comprising;:

generating and presenting a first exploration panel that

presents at least part of a data set using a first chart

_1aV111g a first chart type, the first chart being selected

from among a plurahty of available chart types, wherein

the data set comprises graph data, the graph data includ-

ing a plurality of nodes and a plurality of edges which

connect the plurality of nodes together, the first explo-

ration panel being formulated based on a first subgraph

in the graph data comprising a first collection of nodes;

receving a type selection that identifies another of the
plurality of available chart types;

based on the type selection, generating and presenting a

second chart having a second chart type;
recerving a panel-generation selection from a user;
generating and presenting a second exploration panel
based on the panel-generation selection, the second
exploration panel presenting a second subgraph 1n the
graph data having a second collection of nodes; and

presenting a link which connects the first exploration panel
to the second exploration panel.

15. The computer readable medium of claim 14, wherein
the panel-generation selection comprises a pivoting-type
selection of the second subgraph.

16. The computer readable medium of claim 14, wherein
the panel-generation selection 1s received 1n response to an
action 1 which the user graphically drags a visual represen-
tation of a part of the graph data that 1s presented 1n the first
exploration panel onto an exploration canvas, to produce the
second exploration panel.

17. The computer readable medium of claim 14, wherein
the link that connects the first exploration panel and the sec-
ond exploration panel has at least one visual attribute which
denotes a type of processing action has been performed to
produce the second exploration panel.

18. A graph exploration module, implemented by physical
and tangible computing functionality, for exploring multi-
modal, multi-relational and multivariate graph data, the graph
exploration module comprising logic configured to:

generate a first exploration panel that represents the graph

data 1n a chart, the chart presenting a plurality of aggre-
gate results based on the graph data, the graph data
including a plurality of nodes and a plurality of edges
which connect the plurality of nodes together, the first
exploration panel being formulated based on a first sub-
graph 1n the graph data comprising a first collection of
nodes:;

recerve a panel-generation selection from a user that 1den-

tifies at least one aggregate result in the chart;

extract the at least one aggregate result to generate a second

exploration panel, the second exploration panel repre-
senting said at least one aggregate result in another chart;
and
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present a link which connects the first exploration panel to

the second exploration panel.

19. The graph exploration module of claim 18, further
comprising logic configured to perform the extracting two or
more times to extract plural parts of the graph data, and to 5
form a union based on the plural parts of the graph data.

20. The graph exploration module of claim 18, wherein the
panel-generation selection 1s recerved 1in response to an action
in which the user graphically drags a visual representation of
a part of the graph data that 1s presented in the first exploration 10

panel onto an exploration canvas, to produce the second
exploration panel.
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